Introduction
Recently, much attention has been paid to the dielectric properties of materials at microwave and millimeter frequencies due to the rapid growth of wireless communication technologies. Millimeter-wave telecommunication can transmit a large amount of information at a very high speed which can be applied to intelligent transport systems (ITS), ultra high speed wireless LAN and satellite broadcasting. The important dielectric property of materials at millimeter-wave telecommunication system is a high quality factor. Up until now, these dielectric materials are usually obtained from the complex perovskite compounds and their solid solutions such as Ba(Zn1/3Ta2/3)O3 and Ba(Mg1/3Ta2/3)O3. 1) , 2) However the elaborated sintering processes such as high sintering temperature above 1400°C and long sintering time are required to achieve sufficiently high sintered density for the industrial applications of the complex perovskite compounds.
In our preliminary results, MgTa2O6 ceramics with trirutile structure was found to have excellent dielectric properties of high dielectric constant (K = 30.3) and quality factor (166,000 GHz) 3) applicable to the millimeter frequencies. However, TCF of MgTa2O6 ceramics showed a large positive value (30 ppm/°C). It could be expected that TCF of materials is strongly depended on the structural characteristics of oxygen octahedra such as the bond length between octahedral cation and oxygen ion, 4) and the distortion of oxygen octahedra, 5) which could be evaluated by the octahedral-site bond strength. Since the bond valence is a function of the bond length and the bond valence parameter between cation and anion, 6) the bond strength between cation and anion could be evaluated from the bond valence of ions. 7) Therefore, the microwave dielectric properties of MgTa2O6 ceramics could be controlled by the substitution of same ionic size and/or smaller ionic size, such as Nb 5+ (6.4 nm) and/or Sb 5+ (6.0 nm) for Ta 5+ (6.4 nm) at same coordination number of 6.
4)
In this study, the microwave dielectric properties of MgB2O6 (B 5+ = Nb, Ta, Sb) were investigated in view point of the B-site bond valence and the distortion of oxygen octahedra in columbite and trirutile structure. The dependence of TCF on the oxygen octahedral distortion, associated with the B-site ionic size in MgB2O6 (B 5+ = Nb, Ta, Sb), was also discussed.
2. Experiment procedure High-purity (99.9%) oxide powders of MgO, Nb2O5, Ta2O5, and Sb2O5 were used as starting materials. They were weighed according to the compositions of MgB2O6 (B 5+ = Nb, Ta, Sb), and then milled with ZrO2 balls for 24 h in distilled water. Powders with a composition of MgTa2O6, MgNb2O6 and MgSb2O6 were calcined at 1100°C and/or 700°C for 3h, respectively. These calcined powders were mixed according to the formula of Mg(Ta1-xNbx)2O6 (MTN, 0.2 ≤ x ≤ 0.8) and Mg(Ta1-xSbx)2O6 (MTS, 0.1 ≤ x ≤ 0.4). Each composition of mixtures was calcined at 1100°C for 3 h, followed by the milling method described the above and drying. The dried powders were pressed into 10 mm diameter disk at 1500 kg/cm 2 isostatically. These pellets were sintered from 1350°C to 1450°C for 3 h in air.
Powder X-ray diffraction analysis (D/Max-3C, RIGAKU, Japan) was used to determine the crystalline phases. From the Rietveld refinements using Rietan 2000 program 8) of X-ray diffraction (XRD) patterns, the atomic positions, lattice parameters and unit cell volumes of the sintered specimens were determined. The initial structure model for columbite and trirutile compounds take from the work by Pagola et al. 9) and Saes et al. 10) , using neutron powder diffraction at room temperature. Polished surface of the sintered specimens was observed using scanning electron microscope (JSM-6500F, JEOL, Japan). Microwave dielectric properties of the specimens were measured by the post resonant method 11) at 7-9 GHz for the dielectric constant (K) and quality factor (Qf), and measured by the cavity method 12) for the thermal stability (TCF) in the temperature range from 25°C to 80°C. 
Results and discussion

JCS-Japan
Mg5Ta4O15 were detected as a secondary phase at x = 0.2 of MTN and/or x = 0.4 of MTS. At the composition range of a single phase, the peaks at 2θ = 30.0-30.5 for MTN and those at 2θ = 26.5-27.0 for MTS were shifted to higher angle with an increase of x content, as shown in the inserts of Fig. 1 . These results are indicated the unit cell volume of the specimens was decreased with x content, as confirmed in Table 1 . Lattice parameters and unit cell volumes obtained from the Rietveld refinements of XRD patterns. The unit cell volume of MTS was decreased due to the smaller ionic size of Sb 5+ (6.0 nm) than that of Ta 5+ (6.4 nm) at the same coordination number (C.N) of 6.
4)
Although the ionic size of Nb 5+ (6.4 nm) is equal to that of Ta 5+ (6.4 nm) at C.N. = 6 4) , the unit cell volume of MTN was also decreased. These results could be attributed to the changes of Bsite bond valence of MgB2O6. The B-site bond valence of MTN and MTS was calculated from the bond valence parameters reported by Brese et al, 6) and the individual bond lengths of oxygen octahedra were calculated from the atomic positions and lattice parameters obtained from the Rietveld refinement of XRD patterns, as shown in Table 2 . The B-site bond valence of MTS specimens was larger than that of MTN specimens due to the smaller bond length by smaller ionic size of Sb 5+ (6.0 nm) than that of Nb 5+ (6.4 nm) at C.N. = 6. 4) With the increase of x content, B-site bond valence of MTN was decreased, while that of MTS was increased.
The temperature coefficient of resonant frequency (TCF) was closely related with the distortion of oxygen octahedra.
13) The octahedral distortion (Δ) of orthorhombic columbite structure and tetragonal trirutile structure was calculated from the individual bond length of oxygen octahedra. 4) Table 3 summarizes the octahedral distortion and TCF of MTN and MTS sintered specimens. With an increase of x content, TCF of MTN and MTS specimens was decreased due to the increase of octahedral distortion, as shown in Fig. 2 . Also, TCF of MTN specimens was 
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smaller than that of MTS specimens due to the larger octahedral distortion. These results could be attributed to the number of cation-oxygen bonds with different length and the decrease of unit cell volume by the substitution of same ionic size and/or smaller ionic size, such as Nb 5+ (6.4 nm) and/or Sb 5+ (6.0 nm) for Ta 5+ (6.4 nm) at C.N. = 6.
4) The numbers of cation-oxygen bonds with different length are 6 for MTN specimens, while those of MTS are 3, as confirmed in Table. 2. Also, the unit cell volume of MTN specimens was larger than that of MTS specimens, as confirmed in Table 1 . Therefore, TCF of columbite and/or trirutile compound could be evaluated by the degree of octahedral distortions. In particular, TCF = -3.2 ppm/°C was obtained for MTS specimens with x = 0.3. Figure 3 shows the microwave dielectric properties of MTN and MTS sintered specimens. The qulity factor (Qf) of MTN and MTS specimens was decreased with x content. It is reported 14) 
that Qf values are strongly depended on the density, impurity, secondary phase and grain size. The effect of density on the Qf value of MTN and MTS specimens could be neglected because the Qf value of MTN and MTS specimens was showed a higher relative density than 93%, as confirmed in Table 1 . The Qf value of MTN at x = 0.2 was increased due to the secondary phase of MgTa2O6 (Qf = 166,000 GHz), while that of MTS at x = 0.4 was decreased due to the secondary phase of Mg5Ta4O15 (Qf = 18,000 GHz) . At the composition range of single phase, the Qf value of MTS was decreased due to the decrease of grain size, while the Qf value of MTN was not depended on the grain size, as shown in Fig. 4 . Also, the Qf value of MTN specimens was larger than that of MTS specimens. These results may be associated with intrinsic factor such as lattice anharmonicity due to the different crystal structure of MTN and MTS, as confirmed in Fig. 1 . The dielectric constant (K) of MTN and MTS was decreased with x content. Also, the K of MTS specimens was larger than that of MTN specimens. However, the K of MTS specimens was smaller than that of MTN specimens due to the secondary phase of Mg5Ta4O15 (K = 17). In general, K at microwave frequency was depended not only on the dielectric polarizabilities of the composition, but also the density of the specimens. At the composition range of single phase, the K of MTN and MTS was largely dependent on the dielectric polarizabilities because the relative density was above 93%, as confirmed in Table 1 .
To clarify the effects of crystal structure on the dielectric constant, the theoretical dielectric polarizability (αtheo.) was calculated by the additive rule with the ionic polarizability of composing ions 15) and the observed dielectric polarizability (αobs.) was calculated by the Clauses-Mosotti equation with the measured dielectric constant (K) at microwave frequencies. 16) Even though the Clauses-Mosotti equation is strictly valid only for compounds in which the molecular or ion has cubic symmetry, the calculation of polarizability based on Clauses-Mosotti relation has been shown to be approximately valid for a number of noncubic symmetry. 15, 16) As shown in Table 4 , the theoretical dielectric polarizabilities (αtheo.) obtained from the additive rule 15) were decreased with an increase of x content due to the smaller ionic polarizabilities of Nb 5+ (39.7 nm) and/or Sb 5+ (42.7 nm) than that of Ta 5+ (47.3 nm). 16 ) Also, the observed dielectric polarizabilities (αobs.) obtained from the measured K using the Clauses-Mosotti equation 16) were decreased with an increase of x content. With an increase of x content, the deviations of αobs. from αtheo. of MTN sintered specimens was increased, while those of MTS sintered specimens was decreased. Although the αtheo. obtained from the additive rule is the same for the same composing ions, the αobs. should be different due to the effects of crystal structure.
Each crystal structure has a different molar volume and structural peculiarities such as rattling or compressed cations. Therefore, the effects of crystal structure on the dielectric constant could be evaluated by the comparison between αtheo. and αobs. Also, the bond strength between cation and anion depending on the crystal structure could be evaluated by the bond valence of ions 7) . These results could be attributed to the changes of B-site bond valence With an increase of B-site bond valence, the deviations of dielectric polarizabilities were decreased due to the increase of bond strength and decrease of rattling effect, which in turn, the K of the sintered specimens was decreased. However, the K of MTN specimens was increased with a decrease of x content due to the larger effect of dielectric polarizabilities than the rattling of cation.
Conclusions
For the Mg(Ta1-xNbx)2O6 (MTN, 0.2 ≤ x ≤ 0.8) and/or Mg(Ta1-xSbx)2O6 (MTS, 0.1 ≤ x ≤ 0.4) specimens sintered at 1350°C and/ or 1450°C for 3 h, respectively, a single phase with the orthorhombic columbite structure and/or the tetragonal trirutile structure was obtained at MTN (0.4 ≤ x ≤ 0.8) and/or MTS (0.1 ≤ x ≤ 0.3), respectively. The temperature coefficient of resonant frequency (TCF) of sintered specimens was depended on the octahedral distortion due to the change of bond length by substitution of B-site ions. The quality factor (Qf) of MTN and MTS specimens was decreased with an increase of x content. Also, the Qf value of MTN specimens with columbite structure was larger than that of MTS specimens with trirutile structure. The dielectric constant (K) of MTN specimens was larger than that of MTS specimens. These results are due to the larger effect of dielectric polarizabilities than the rattling of cation.
